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A Novel Receiving Subarray Partition Layout Model for Microwave
Power Transmission with Smaller Power Dispersion

. . . *® .
Jianxiong Li’>  © and Wen Qin' 2

Abstract—A novel subarray layout method is proposed for the problems of high power dispersion and
high complexity of the existing layout methods of receiving rectifier antenna arrays. By the traditional
RF synthesis and DC synthesis array layout, the number of units used is high, and the received
power dispersion is high. Therefore, this paper proposes a uniform non-overlapping triangular subarray
partition layout, and the layout takes three discrete parameters of subarray type, subarray position,
subarray placement direction as optimization variables. The minimum dispersion of the received power
of the subarray is used as the optimization objective to establish the optimization model. We adopt
the Taboo Search (TS) algorithm to achieve the global optimum by setting up a taboo table for global
neighborhood search and homogenize the received microwave power value from each subarray. The result
shows a lower coefficient of variation (C'V') with fewer subarrays and a globally symmetric subarray
layout, which reduces the engineering complexity and cost of the subsequent rectification circuit, as
well as a lower dimensional span between different subarray types in this novel subarray layout model.
We conducted a series of numerical simulations to prove that the method can meet the requirement of
minimum power dispersion while ensuring that the total reception efficiency will not be greatly reduced,
which verifies the effectiveness of this receiving subarray layout method.

1. INTRODUCTION

A typical Microwave Wireless Power Transmission (MWPT) system consists of two major components:
(1) Microwave transmitting antenna system. It consists of a microwave source (DC-MW) and a
transmitting antenna, which can convert DC electrical energy into microwave energy and transmit it into
the free space. (2) Receiving and rectifying antenna system. It consists of a receiving antenna, a rectifier
circuit, and a DC synthesizer circuit, which can receive microwave energy in free space and convert it
to DC [1-3]. The receiving conversion efficiency of a receiving rectifier antenna, as an important part
of the microwave energy transmission link, directly affects the efficiency of the entire energy transfer
system. An excellent receiving rectifier antenna often requires high rectification efficiency, stable working
condition, and compact structure form [4, 5].

This paper focuses on a receiving antenna array in a rectifier antenna system, for the present,
receiving rectifier antenna mostly in the form of array. Its receiving rectification efficiency is mainly
composed of two parts: antenna receiving efficiency and rectification circuit rectification efficiency. The
high conversion efficiency of the rectifier circuit is the focus of the receiving rectifier antenna research.
This is because the nonlinearity of the rectifier circuit decides that it is very sensitive to both input
power and load [6-8]. However, on the one hand, the irradiated power density from the transmitting
antenna to the receiving antenna area is usually uneven, and if the uneven power is fed into the rectifier
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circuit, the power mismatch will make the rectifier circuit conversion efficiency low in many areas [9-
11]. On the other hand, if the load cannot be matched with the rectifier circuit, it will also cause low
rectification efficiency. Therefore, the homogenization of the received power in different areas of the
receiving antenna array and the degree of matching between the rectifier circuit and the load both limit
the efficiency of the receiving rectifier antenna system. Therefore, the array layout method research
for the homogenization of the received power of the receiving antenna array is of great importance
for the construction of an efficient microwave energy transmission system [12-14]. So far, the array
layout has two main configurations: (1) The RF power received by all antenna elements through the
microwave power distribution network is combined and then transmitted to the rectifier. For large
antenna arrays, although this configuration requires only one rectifier, the power distribution network
is very complex and has huge power losses. (2) The RF power from each antenna element is rectified
to DC power through each rectifier separately, and then the DC energy is combined together by the
DC series-parallel method [15-17]. This configuration avoids the use of complex power distribution
networks. However, the power density of the transmitting antenna irradiated at the receiving antenna
aperture is usually not uniform [18]. When the same rectifier is used, the rectifier efficiency is reduced
due to power mismatch between the receiving antenna and the rectifier [19, 20].

Therefore, we need a corresponding subarray partition of the receiving antenna array to ensure
the better homogenization of the received power. It also ensures that the overall reception efficiency
is not reduced too much. A uniform non-overlapping rectangular subarray partition based on the path
traversal algorithm is proposed in [10]. The coefficient of variation (CV') denotes the ratio of the
standard deviation of the received power of the subarray to the average of the received power of the
subarray. The smaller the CV represents the less discrete data and the better homogenization effect.
In this paper, we propose a uniform non-overlapping triangular subarray partition based on the Taboo
Search (TS) algorithm. Uniform non-overlap means that the number of array elements of each type of
subarray remains the same and that the subarray graph elements are independent of each other and
have no intersection. The use of triangular subarrays can appropriately reduce the number of iterations
in the subsequent optimization process, thus reducing the computational effort and the complexity of
the system. Based on Friis equation [12], we firstly establish the subarray received power calculation
model, and secondly establish the layout model with subarray received power homogenization as the
optimization objective and use the TS algorithm to solve it. We arrange the first quadrant and simulate
the initialized layout with 22 rectangular subarrays. Next, we perform global neighborhood search and
stepwise optimization according to the optimization objective, iterate in the rectangular subarrays in a
loop, and perform the cutting of triangular subarrays to derive the optimal subarray layout model under
different reference values, and finally, we perform global symmetry and use less number of subarrays,
which greatly reduces the subsequent rectifier circuit. This greatly reduces the engineering complexity
of the subsequent rectifier circuit. At the same time, the actual received power distribution of each
subarray antenna under each reference value is simulated, and eventually the minimum CV simulation
value reaches 0.1581, which verifies the effectiveness of the layout model proposed in this paper.

The contributions of this paper are mainly in the following aspects. Firstly, a novel triangular
partition model is proposed based on the ideology of graph elements. And an optimization method
different from that in [10] is used. We give a procedure diagram of the algorithm, and the model is
solved by the TS algorithm. It makes the subarray received power less dispersion, and it can also ensure
high reception efficiency. Secondly, in order to further explore the effect of reference value (g,¢.) on the
synthesis results and highlight the advantages of the novel subarray layout, we simulated the rectangular
subarray layout and triangular subarray layout under different €,... Finally, we synthesize and compare
several existing receiving array layouts. In conclusion, the uniform non-overlapping triangular subarray
partition based on TS algorithm is more suitable as the receiving array of the MWP'T system.

2. MATHEMATICAL MODEL OF THE RECEIVED POWER OF THE ANTENNA
ARRAY

2.1. MWPT Transceiver Array System Model Based on Receiving Subarray

Fig. 1 shows a transceiver antenna model of the MWPT system. The system consists of a transmitting
array antenna and a receiving array antenna. The latter is composed of a number of subarrays. The
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Figure 1. The model of MWPT system.
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distance between the transmitting end and receiving end is H. The radius of the receiving area is R,.
Two planes of transmitting array antenna and receiving array antenna are parallel to each other. Their

geometric centers are coaxial.

The geometric relationship between the relative positions of the j-th receiving subarray and the
transmitting antenna array is also shown in Fig. 1. In the figure, 6; and ¢; indicate the pitch and
direction angles of the j-th subarray in the coordinate system relative to the position of the transmitting
array, respectively. 93- and (p;- denote the pitch and direction angles of the transmitting array antenna
in the coordinate system relative to the j-th subarray position, respectively. Fig. 2 shows the different

subarray types used in Fig. 1 for the layout of the receiving array.
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Figure 2. Subarray of different types.

In Fig. 2, T; € T = {T1,Ts,--- ,Tx} denotes the i-th subarray type. Through Fig. 2 we can see
that there is a dimensional connection between different types of subarray, and the subarray with larger

dimension can get two subarrays with smaller dimension by dichotomy.



244 Li and Qin

2.2. Subarray Received Power Calculation Model
For the subarray depicted in Fig. 1, the received power calculation can be expressed as [12]:
Psub Ssub Ae P (1)

where Sj“b represents the power density irradiated to the j-th subarray, A; the effective aperture

area of this subarray, p; the polarization mismatch factor of this subarray and the transmitting array
antenna [10]. They can be expressed as:

Gt <9,,§0 )
sub J
Sj (9}’¢;) = A R2 (2)
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where P, is the radiated power of the transmitting antenna array; G (0;-, goé) and Gj“b (0, ;) denote

the gain of the transmitter in the direction of (9;-, cpg) and the gain of the j-th subarray of the receiver

in the direction of (6;,¢;), respectively. E; is the electric field vector of the transmitting array, h;
the polarization vector of the receiving subarray, and v, the angle between E; and h;. For transverse
electromagnetic waves, the incoming electric field E; and polarization vector h; of the receiving antenna
at a particular moment and space position can be expressed in the spherical coordinate system as [22]:

h; = ho (ao + plejﬂlaqa) (5)

E: = Fy (ao + P2€j52a¢>> (6)

If the standard parameter polarization ratio and the initial phase difference are used to represent the
polarization mismatch factor method, the above equation can be expressed as [22]:

_ [14+p1p2 COS(51+52)]2+[01P2 Sin(51+/32)]2 _ [1+ptpSUb Cos<ﬂt+5jw)} 2+[1+pt’0§w Sin<ﬁt+’8;w)]2

pj= (1+p7) - (1+03) B (1+07) - <1+(p§Ub)2>

(7)
where p; and p;f“b are polarization ratios of the transmitting array and j-th subarray; 5; and ﬁ;’“b are

the initial phase differences of the two orthogonal components of the respective electric field vectors
of the transmitting array and the j-th subarray. Combining the above mathematical expressions, the
formula for calculating the received power of the j-th subarray can be expressed as:

PG (05,07) Gu (0, 25) ¥ [1+ puoj™ cos (B + 57 “ (14 poptsin (5 5p0) |

(47R)* (1+p2) - <1+< sub>2>

where the gain G of the transmitter and receiver can be expressed as [21]:

sub __
Py =

sin (5 cos 0) -
G(0,p) =3.136 < sin HW cos <§ sin 6 sin cp) 9)

The total received power of the receiving array can be obtained by synthesizing the received power of
all subarray as:

J
P= P (10)
j=1
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In addition, the total power irradiated to the receiving array can be obtained by double integration of
the irradiated power density within the receiving array aperture, and it can be written as:

Prad // Ssub ]7903 d5+/ Ssub 7903 d8+ // Ssub ]7903 dS _ Z/ Ssub ’30;) ds (11)
B

where B; denotes the finite closed region of the j-th subarray. According to [10}, the power density
approximate distribution of the received array aperture field irradiation can be obtained in Fig. 3.
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Figure 3. 2D power density distribution.

3. THE ESTABLISHMENT AND SOLUTION OF SUBARRAY LAYOUT
OPTIMIZATION MODEL

3.1. Mathematical Model

Due to the inhomogeneity of the irradiated power density within the receiving array aperture field,
we need to use subarrays of different types to receive energy from different areas. Eventually we can
achieve the homogenization of the received power of the subarrays. Therefore, the following elaboration
is required for the subarray layout model.

(1) We need to consider the subarray position, subarray type, and subarray placement direction as one
of the optimization variables.

(2) The homogenization of subarray received power also means minimizing subarray received power
dispersion as the optimization aim. However, by considering the power loss of the subarray, we
need to take the reception efficiency into consideration, so the reception efficiency maximization is
also used as the optimization aim in the layout model. The subarray layout optimization problem
is a multi-objective optimization problem.

(3) The subarray layout problem can be categorized as a two-dimensional layout optimization problem
with geometric constraints, and it also implies that the graph elements do not interfere with each
other, as shown in Fig. 4.

In Fig. 4, the circular area can be denoted as: B = {(x,y) 0 < 2?2492 < r2}. Several graph
elements in the region are denoted by vj;, j € I; = {1,2,---,J}, where J is the total number of graph
elements. p; = (xj,y;) € B, which is the coordinate of the shape-center position of v;; fj € T can
be used to describe the dimension of the graph. For example, the graph is an arbitrary triangle, so
tj = {(wj,l, k)10 <w;j <l; <k;} €T, where wj, lj, k;j denote the lengths of the three sides of the
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Figure 4. Two-dimensional layout model diagram.

triangle respectively, and the lengths are in increasing order. ; is used to describe the placement
direction of the subarray, ||4;]| = 1, and 4; is parallel to the longest cut line passing through the Vj-
shaped center p;. Therefore, each graph element v; can be uniquely determined by its corresponding

Dj, fj, @j. Based on the above facts, we can derive the subarray layout optimization model:

H ~ o~ ~ Qo A a A ~1H
ﬁTLd V:{PaTaU} :{plaPQa""pjatlat%'"atjaulau27"'7uj}
minimize  |P, — Pr|

J J
Z Pjsub _ Z P;“b /J

2

i=1 =1 J (12)
minimize CV = i / ZP;”b / J
j=1

subject (a) int (vj1) Nint (vje) =0  j1 # 52
(c)p; € P,t; € Tij €U

where V' denotes a layout scheme and is also the optimization variable in this layout model; the number
of subarray in this scheme is J; H denotes the sample used to store the shape of the subarray;
v; = {ﬁj,fj,aj} represents the graph element of the j-th subarray; p; = (:L'j,yj) is shape-centered
coordinates; t; = {(wj,1;,k;)|0 <w; <Ij < k;j} is external dimensions; the direction of placement is
represented by 4;. Since it is a uniform non-overlapping subarray partition, we use int (v;1)Nint (vj2) = 0
as a constraint, which means that the intersection between subarray graph elements is an empty set.
However, it can be seen from the above that the subarray layout optimization problem is a multi-
objective two-dimensional layout optimization problem. Two optimization objectives will make the
solution difficult, so we make certain simplifications, assuming that the standard deviation of the received
power of the subarray is less than a certain reference value, namely €, < g,.... The optimization objective
of minimizing the dispersion of the received power of the subarray can be transformed into a constraint,
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which leads to a simplified layout optimization model:

PN ~ P PN ~1H
ﬁnd V:{PvT)U}H:{plvp27”'7pj)t17t27"°7tj7u17u27"'7uj}
minimize | P, — Pr|
subject (a) int (vj1) Nint (vje) =0  j1 # 52

J J ’
sub
j=1 i=1
b) g,= < Erec
( M

(C) ]17]2 € {1727 7‘]}
(d) p; eP,; € T,i; €U

where C'V is measured as an index of the homogenization of the received power of the subarray and is
described in the last paragraph of the introduction.

3.2. Optimization Model Solution

In the two-dimensional layout optimization problem, such subarray graph elements are relatively special.
If we can establish the mapping relationship between elements and layout space, we can realize the
conversion between different graph elements by dividing the large space into small spaces, where B,
represents the n-th local layout space, and T,, represents the n-th subarray graph element, as shown in
Fig. 5.

Mapping

Graph element \}’;‘ Local layout space

Graph element

. Space division
transformation P

Figure 5. Graph element transformation.

In the subsequent partitioning process, these local spaces will also be divided into smaller spaces,
thus generating smaller graph elements. Fig. 6 shows a specific uniform non-overlapping triangular
partition model.

Next, we perform global optimization by means of the TS algorithm, and first we identify several
important parts of the algorithm:

(1) Neighborhood Function

Neighborhood, as the name implies, is the nearest area to it, and the neighborhood function
enables the transformation between different layout schemes. It is assumed that there exists
a subarray layout scheme V = {wvy,v9, -+ ,v,}, where the subarray graph element v; can be
obtained by dichotomizing v} and v?. Therefore, there must be a neighborhood element named
yneig — {v%,v%,vg e ,vn} in the neighborhood of V' = {wy,v9, -+ ,v,}, and so on. Each time a
subarray is divided, a neighbor element is created, and these elements constitute what we call the
neighborhood.



248

Li and Qin

Local
space

f Dividing model

Final layout

Figure 6. Dividing diagram.

(2)

The Initial Layout Scheme

For the subarray layout scheme, the partition between subarray elements through the neighborhood
function is often one-way, which means that it must be divided from large subarray elements to
small subarray elements, thus we need to first obtain the initial layout scheme by laying down the
largest subarray elements in the layout space:

vir = { (o, T ) (o Tasta) s+ (Bs Tosn) § (14)
There are n graph elements in this layout scheme, where 77 indicates that these graph elements
are all maximum subarray graph elements.
The Generation Rules of New Layout Scheme
Select a layout solution from the neighborhood of the current layout solution instead of the current
layout solution. In this process, guidelines need to be developed so as to ensure global optimization.
Therefore, for subarray layout optimization, we can perform the following method:
Firstly, the first vi-element in V*** which is in the initialized layout is divided to obtain a
neighborhood layout scheme called V"9 and determine whether it satisfies the restriction in (12)
b. Then choose a scheme with the minimum ‘PT - P ad| from the old solution V' and the new
solution V™% as the current scheme, which means choosing the layout scheme with the maximum
reception efficiency. After that, the next graph element is divided on the basis of this scheme, and

the loop is processed sequentially according to the above method. The procedure diagram of the
algorithm for subarray layout optimization is shown in Fig. 7.

4. SIMULATION AND RESULTS ANALYSIS

This section is divided into three parts. In the first part, we simulate the novel subarray optimization
layout under different reference values. It is the uniform non-overlapping triangular subarray partition
layout based on the TS algorithm, and the actual received power distribution of each subarray antenna
is simulated under each layout case. Subsequently, we analyze simulation results further through tables
and graphs in order to clarify the effect of €,.. on the subarray layout results. The second part is
to simulate the layout diagram of uniform non-overlapping rectangular subarray partition based on
the path traversal algorithm under the premise of the subarray layout optimization model used in
this paper. We will compare the two array models for analysis. The third part is a comprehensive
comparison of several existing receiving rectifier antenna arrays. The CPU used for all simulations is
Intel(R)Core(TM)i5-1035G1, 1.00 GHz, 8 GB RAM, and the simulation software is MATLAB 2021a.
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Figure 7. Procedure diagram of the TS algorithm.

In this paper, the frequency is 2.45 GHz. We set the distance H between the transmitter and
receiver as 20\, set the wavelength A as 1, and set the receiving array aperture diameter as 2.8\. In
addition, because the size of the antenna unit is small relative to the distance between the transmitting
and receiving arrays, and the polarization mismatch between the receiving and transmitting arrays has
almost no effect on the received power of the subarray, the polarization mismatch factor is set to 1 in
the following examples for the relevant calculation.
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4.1. Novel Subarray Layout Method

We use the method described in the previous section for subarray layout and set the reference value
Erec a8 300mW, 350mW, 400 mW, 450 mW, 500 mW, 550 mW. We put the six cases into a relevant
simulation analysis study, where different colors indicate different subarray received power values.

In the process of subarray optimization, according to the characteristics of the irradiation power
density, the the subarray with smallest size is placed in the center or near the center. As the reference
value €, increases, the number of large-sized subarrays in the layout decreases, and the large-sized
subarray refers to the rectangular subarray without partitioning. However, the number of small-sized
subarrays increases. The overall number of subarrays tends to increase, and the cutting density becomes
larger. From Fig. 8, we can see that the subarray arrangement has global symmetry, which also greatly
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Figure 8. Novel subarray layout for different e,.. cases (a) €rec = 300mW, (b) £rec = 350mW, (c)
Erec = 400mW, (d) erec = 450mW, (€) grec = 500mW, (f) £rec = 550 mW.
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reduces the engineering complexity of the subsequent rectifier circuit design. The different subarray
types are described in Fig. 2 and Fig. 6 in the previous section. Meanwhile, in order to see more clearly
the distribution of received energy in each type of subarray, Fig. 9 shows the actual three-dimensional
distribution of received power of the subarray in different &,.. states, and the numerical results are
recorded in Table 1. P in Table 1 indicates the total irradiation power; 7 represents the total
reception efficiency; P, represents the total actual power received by the receiving array; C'V denotes
the coefficient of variation of the received power of the subarray, and the scale is 1.

It is easy to see from Table 1 that: (I) €. is positively correlated with the number of subarrays, the
total irradiated power, and the actual total received power; (II) C'V decreases and then increases with
grec; (IIT) Total reception efficiency is also positively correlated with e,¢.. Only when £,¢ > 450 mW,
its growth rate gradually decreases and the data tend to stabilize. Meanwhile, we use the two graphs
in Fig. 10 for further analysis.

Power/W
Power/W

-1 <
y(\) X(A)

(a)

Power/W

Power/W
Power/W

Bl Kl
y(A) X(A)

(e)

Figure 9. Received power distribution for different e, cases (a) rec = 300mW, (b) £rec = 350 mW,
(¢) erec = 400mW, (d) erec = 450 mW, (€) erec = 500mW, (f) €pee = 550 mW.
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Table 1. Performance analysis of the novel subarray layout scheme for different e,c..

M | Pt (W) | B (W) [0 (%) | CV

Erec = 300mW | 136 | 545.326 | 417.174 | 76.5 | 0.2935
Erec = 350mW | 152 | 545.710 | 440.388 | 80.7 | 0.2672
Erec =400mW | 156 | 546.002 | 453.182 | 83.0 | 0.1926
Erec = 450mW | 192 | 546.200 | 460.993 | 84.4 | 0.1581
Erec = 500mW | 220 | 546.307 | 462.722 | 84.7 | 0.2057
Erec = 550mW | 232 | 546.318 | 464.371 | 85.0 | 0.2502
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Figure 10. (a) Reception efficiency and total number of subarrays relative to €,¢., (b) Coefficient of
variation (C'V) and total number of subarrays relative to ;ec.

Combining Fig. 10 and Table 1, we can conclude that the number of subarrays of the receiving array
can be effectively controlled by €,c.. When &, is in the interval of [300 mW, 450 mW], the number of
large-sized subarrays is relatively high, and the value of C'V decreases. It also means that the more the
number of large subarrays is, the greater the dispersion of the received power of the subarrays is. When
Erec 15 in the interval [450 mW, 550 mW], due to the inhomogeneity of the irradiated power density, the
number of small-sized subarrays increases. And the value of C'V increases, indicating that the more
the number of small subarrays is, the higher the dispersion of the received power of the subarrays is.
CV denotes the ratio of the standard deviation of the received power of the subarray to the average
value of the received power. With the increase of €,., the number of subarray increases, but the actual
total received power increases less and less. Therefore, it will cause the average value of the received
power of the subarray to become smaller and smaller. Since the standard deviation must be smaller
than the average value, the variation of the standard deviation is also smaller than the variation of the
average value. Therefore, the magnitude of the average value will cause a more significant change in the
magnitude of the C'V. From Table 1 and Fig. 10(a), it is obvious that the growth trend of the actual
total received power and total reception efficiency keeps slowing down starting from &, = 450 mW,
thus inferring that C'V increases again from 450 mW or more. From Fig. 10(b), we can know that when
we control the reference value within a valid range, C'V can be extremely small, which also brings some
reference for the subsequent design of high conversion efficiency rectifier circuits.

At the same time, the total irradiated power and the actual total received power tend to stabilize
with the increase of €., indicating that the control strength of .. decreases continuously with the
process of its increase. We can also know from Fig. 10(a) that the number of subarrays and the total
receiving efficiency 7 are also positively correlated. With the number of receiving subarrays increasing,
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the growth trend of 7 keeps slowing down. When it is higher than such scale, n does not increase much,
and if it is smaller than such scale, the array efficiency decreases sharply.

4.2. Comparison of Rectangular Subarray Partition and Novel Subarray Partition

In order to better highlight the advantages of the novel subarray layout, we then simulate a uniform
non-overlapping rectangular subarray partition based on the path traversal algorithm and use the
optimization model proposed in this paper, as shown in Fig. 11. The so-called path traversal algorithm,
which is similar to the breadth-first search of graph elements, is a generalization of tree traversal by
rank [10]. In addition, we record the numerical simulation results in Table 2.

Different colors in Fig. 11 represent different subarray received power values. The trend of each
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Figure 11. Subarray layout results for different e,¢. cases (a) €pec = 300mW, (b) &rec = 350mW, (c)
Erec = 400mW, (d) grec = 450mW, (€) ree = 500mW, (f) £pec = 550 mW.
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Table 2. Performance analysis of the subarray layout scheme for different e,¢c.

M | P (W) | B (W) |n(%)| CV

Erec = 300mW | 510 | 655.208 | 507.131 | 77.4 | 0.3539
Erec = 350mW | 584 | 657.813 | 536.118 | 81.5 | 0.3058
Erec = 400mW | 644 | 658.371 | 552.373 | 83.9 | 0.2816
Erec = 450mW | 684 | 659.457 | 554.603 | 84.1 | 0.1953
Erec = O00mW | 714 | 659.899 | 558.275 | 84.6 | 0.2864
Erec = 950mW | 740 | 661.232 | 560.725 | 84.8 | 0.3287

part of the parameters is similar to the novel subarray layout scheme. But the obvious difference is
that the number of subarrays used in this type of layout is a lot. The division between quadrant and
quadrant is not symmetrical. Additionally, the energy distribution is not uniform, and C'V obtained
is also much higher than the novel subarray layout. It indicates that the subarray received power
dispersion is greater. In order to further show C'V variation of the two types of subarray layout, we plot
the curve shown in Fig. 12. CV1 represents the coefficient of variation of the novel subarray layout,
and CV2 represents the coefficient of variation of the subarray layout in Fig. 11.
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Figure 12. Comparison of two types of C'V results.

Both reach the extreme minimum when &,.. = 450mW. At this moment, CV1 = 0.1581 and
CV2 = 0.1953. In all the other reference value cases, C'V'1 is also smaller than CV2, and the values
of the reception efficiency of the two layout methods in the six cases are [76.5, 80.7, 83.0, 84.4, 84.7,
85.0], [77.4, 81.5, 83.9, 84.1, 84.6, 84.8]. The reception efficiency of the novel subarray layout is lower
than that of the second subarray layout when g,.. < 400 mW, but it does not decrease too much. The
efficiency is slightly higher when €,.. > 400 mW. This also proves that the novel subarray layout scheme
can make the subarray received power less discrete and better homogenized when ensuring relatively
higher reception efficiency, while the smaller number of subarrays also reduces the complexity of the
rectifier circuit.

4.3. Comprehensive Comparison of the Current Receiving Rectifier Array Layout

We select representative data from the above two array layouts, rectangular subarray partition and
novel subarray partition selected when £,.. = 450 mW, and then compare the RF synthesis layout and
DC synthesis layout. RF synthesis and DC synthesis can be combined with references [9, 10], and the
data are recorded in Table 3, where P,_mean and P,_std denote the average value of subarray received
power and the standard deviation of subarray received power, respectively.
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Table 3. Comparison of array layout.

Ref. [10] Subarray Layout
Rectangular Novel
RF Synthesis | DC Synthesis Subarray Subarray
Partition Partition
element or subarray number 1 1440 684 192
Prad (W) 578 578 659.457 546.200
P. (W) 246 527 554.603 460.993
n (%) 42 90 84.1 84.4
P._mean (W) --- 365 0.8108 2.4010
P, _std (W) --- 256 0.1584 0.3796
cv --- 0.70 0.1953 0.1581

In Table 3 we compare RF layout and subarray layout. Although the units used in the former are
very few, the efficiency is very low. Then we compare DC layout and subarray layout. Although the
former can get a higher reception efficiency, the coefficient of variation reaches 0.70; the received power
dispersion is very high; and the number of units is a lot, which is very unfavorable to the design of high
conversion efficiency rectifier circuit. So it highlights that the subarray layout is more suitable as the
layout of the receiving antenna array. It is also shown through the data that the novel subarray layout
based on the TS algorithm has the significant advantage of low cost and low dispersion compared with
the rectangular subarray layout based on the traditional path traversal algorithm.

Subarray partition has innovative implications, but there are also some areas that require additional
consideration. For example, the number of partitions will increase, which will cause a certain loss of
power, thus affecting the overall reception efficiency. It is relatively difficult to make the reception
efficiency more than 90 percent. However, this method solves the problem of nonuniform irradiation
power density. Receiving arrays including a single RF-to-DC converter have the disadvantage of
requiring a full RF feed network (working at high power levels, possibly) able to track the transmitter
beam. Moreover, they are less robust to diode failures, since the power conversion is carried out in a
single collecting point. To reduce such drawbacks, subarray-based architectures have been proposed. In
these architectures, the overall receiving layout is divided into subarrangements whose gathered signals
are (locally) combined in RF and then converted to DC. Subarray partition can solve exactly these
problems. To sum up, the benefits of using subarray layout are a bit more.

5. CONCLUSION

In this paper, a novel subarray layout model is proposed for the problem of high dispersion of received
power in rectified antenna arrays. Firstly, the subarray received power calculation model is used as
the basis, and the optimization model is established with the goal of homogenization of the received
power of the subarray. Subsequently, the global solution is performed with the TS algorithm, and the
optimal layout of the subarray is obtained by simulation. Secondly, through numerical experiments
first compare the uniform non-overlapping triangular subarray partition method to the uniform non-
overlapping rectangular subarray partition method, highlighting the superiority of the novel subarray
layout with low power dispersion and low complexity. Finally, the comprehensive comparison with
the current receiving rectifier antenna array layout shows that the uniform non-overlapping triangular
subarray partition is more suitable as the layout of the Microwave Power Transmission Receiver. It also
verifies the feasibility of the subarray partition model designed in this paper again.
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